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Upon DNA damage, the amino terminus of p53 is phosphorylated at a number of serine residues including
$20, a site that is particularly important in regulating stability and function of the protein. Because no known
kinase has been identified that can modify this site, HeLa nuclear extracts were fractionated and S20
phosphorylation was followed. We discovered that a S20 kinase activity copurifies with the human homolog
of the Schizosaccharomyces pombe checkpoint kinase, Chkl (hCHK1). We confirmed that recombinant
hCHK]1, but not a kinase-defective version of hCHK1, can phosphorylate p53 in vitro at S20. Additional
inducible amino- and carboxy-terminal sites in p53 are also phosphorylated by hCHK]1, indicating that this is
an unusually versatile protein kinase. It is interesting that hCHK1 strongly prefers tetrameric to monomeric
p53 in vitro, consistent with our observation that phosphorylation of amino-terminal sites in vivo requires
that p53 be oligomeric. Regulation of the levels and activity of hCHK1 in transfected cells is directly
correlated with the levels of p53; expression of either a kinase-defective hCHK1 or antisense hCHK1 leads to
reduced levels of cotransfected p53, whereas overexpression of wild-type hCHK1 or the kinase domain of
hCHKI1 results in increased levels of expressed p53 protein. The human homolog of the second S. pombe
checkpoint kinase, Cds1 (CHK2/hCds1), phosphorylates tetrameric p53 but not monomeric p53 in vitro at
sites similar to those phosphorylated by hCHK1 kinase, suggesting that both checkpoint kinases can play

roles in regulating p53 after DNA damage.
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Upon sources of cellular stress such as damaged DNA,
the p53 tumor suppressor protein is stabilized and acti-
vated via post-transcriptional mechanisms, and this
leads to growth arrest or apoptosis (Levine 1997; Agarwal
et al. 1998; Schwartz and Rotter et al. 1998). These cel-
lular responses may be carried out by downstream target-
gene products that are involved in G, or G, growth ar-
rest, notably p21/WAF1 or 14-3-3y, respectively; or
which regulate apoptosis, such as Bax, IGFBP3, and PIG
genes among many others (for review, see El-Deiry 1998).
Another p53 target gene, MDM2, encodes a p53-binding
protein that negatively regulates the activity (Momand
et al. 1992, Oliner et al. 1993) and the stability of p53
(Haupt et al. 1997; Kubbutat et al. 1997; Midgley and
Lane 1997).

In comparison with studies characterizing the down-
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stream responses to p53 induction, much less is known
about the upstream signaling events that lead to activa-
tion and stabilization of this protein. p53 is phosphory-
lated at several serine residues within its amino- and
carboxy-terminal domains and is also acetylated at ly-
sines within the carboxy-terminal portion of the mol-
ecule (for review, see Meek 1998). Many of these modi-
fications are inducible upon DNA damage. For example,
phosphorylation at S15, S20, S33, and S37 at the amino
terminus is induced by UV and ionizing radiation (IR),
whereas phosphorylation at S392 within the carboxyl
terminus is induced only by UV but not by IR (for re-
view, see Giaccia and Kastan 1998 and Prives 1998). Si-
multaneous mutation of multiple amino-terminal sites
reduces the transactivation function of p53 (Mayr et al.
1995). Promoter and cell-type-specific effects were also
observed for phosphorylation site mutants (Lohrum and
Scheidtmann 1996). Phosphorylation at S392 was shown
to facilitate tetramerization (Sakaguchi et al. 1997) and
enhance DNA binding by p53 (Hupp et al. 1992; Hupp
and Lane 1994). Protein kinases that phosphorylate hu-
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man and/or murine p53 in vitro include casein kinase I
(CKL Milne et al. 1992), casein kinase II (CKIL; Meek et
al. 1990), the DNA-activated protein kinase (DNA-PK;
Lees-Miller et al. 1990), ATM kinase (Banin et al. 1998;
Canman et al. 1998; Khanna et al. 1998), ATR kinase
(Canman et al. 1998; Tibbetts et al. 1999), S and G2-
specific cyclin dependent kinase (CDKs; Wang and
Prives 1995), cdk-activating kinase (CAK; Ko et al. 1997),
protein kinase-C (PKC; Baudier et al. 1992), protein ki-
nase R (PKR; Cuddihy et al. 1999), Jun-amino-terminal
kinases (JNKs; Milne et al. 1995; Adler et al. 1997; Hu et
al. 1997), raf-1 (Jamal and Ziff 1995), and mitogen-acti-
vated protein kinase (MAPK; Milne et al. 1994). Several
of these kinases phosphorylate p53 in vitro at sites
known to be modified in response to DNA damage in
cells: ATM, ATR, and DNA-PK on S15 (Shieh et al.
1997; Siliciano et al. 1997), CAK on S33 (Ko et al. 1997),
ATR and DNA-PK on S37 (Sakaguchi et al. 1998), and
CKII on S392 (Blades and Hupp 1998; Kapoor and Lozano
1998; Lu et al. 1998). In particular, the ATM kinase has
received a great deal of attention, because the p53 re-
sponse is diminished or delayed in ATM-deficient cells
after IR (Kastan et al. 1992; Lu and Lane 1993}, and the
ability of ATM to phosphorylate p53 is increased after
cells are irradiated (Banin et al.1998; Canman et al.
1998). It is very likely, however, that additional protein
kinases are involved in signaling to and the ensuing sta-
bilization and activation of p53.

In eukaryotes, genome stability is maintained by cell
cycle checkpoints. Recent studies with yeast have shed
light on these processes by connecting such checkpoints
with genes involved in mitotic control (for review, see
Elledge 1996; Weinert 1998). The conservation of many
checkpoint genes between yeast and mammals has also
become apparent. Notably, the budding yeast Mecl,
Tell, and the fission yeast rad3 are the structural ho-
mologs of mammalian ATM and ATR genes (for review,
see Lavin and Shiloh 1997). In fission yeast, DNA dam-
age or stalled replication forks activate rad3, which then
leads to phosphorylation and activation of the Chkl or
Cdsl protein kinases, respectively (Walworth and Ber-
nards 1996; Martinho et al. 1998). Both Chk1 and Cdsl
prevent activation of Cdc2 by phosphorylating and inac-
tivating Cdc25 (Furnari et al. 1997; Peng et al. 1997; Zeng
et al. 1998). Mammalian homologs of yeast Chk1 (Flaggs
et al. 1997; Sanchez et al. 1997) and CdsI (Matsuoka et
al. 1998; Blasina et al. 1999; Brown et al. 1999; Chatur-
vedi et al. 1999) genes have been identified, and the ac-
tivity of human Cdsl (CHK2/hCds1) appears to require
functional ATM (Matsuoka et al. 1998; Brown et al.
1999; Chaturvedi et al. 1999). Despite their structural
and functional similarities, differences do exist between
the yeast and mammalian pathways. For example, yeast
Rad3 responds to vy and UV irradiation as well as agents
that block DNA replication, whereas mammalian ATM
responds only to +y irradiation. Furthermore, although
yeast Chkl, rather than Cdsl, is the major effector in the
DNA damage-induced checkpoint, CHK2/hCds1 is acti-
vated by vy treatment (Matsuoka et al. 1998; Brown et al.
1999), suggesting that the functions of hCHKI and
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CHK2/hCds1 may be more redundant in human than in
their yeast counterparts.

We discovered recently that a novel site, S20, within
the amino terminus of p53 is phosphorylated in response
to +y irradiation (Shieh et al. 1999). This site is of particu-
lar interest because it lies directly within the MDM2
interaction region, and mutation of this residue renders
p53 highly sensitive to degradation and repression tar-
geted by MDM2 (Unger et al. 1999) and abrogates the
ability of p53 to be stabilized after irradiation of cells
(Chehab et al. 1999). Because of these findings, we fo-
cused our efforts on identifying the p53 S20 kinase. By
using a biochemical approach, we identified human
CHK1 (hCHK1) and CHK2/hCds1 as two novel p53 S20
kinases that phosphorylate multiple DNA damage-in-
ducible phosphorylation sites in the amino terminus of
p53.

Results

hCHK1 cofractionates with a p53 S20 kinase

To search for the p53 S20 kinase(s), a biochemical frac-
tionation approach was undertaken (Fig. 1). HeLa cell
nuclear extracts were loaded onto a phosphocellulose
P11 column and bound proteins were eluted in stepwise
fashion with buffers containing 0.1, 0.3, 0.5, and 0.85 m
KCI. Phosphorylating activities were measured by in
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Figure 1. p53 S20 kinase cofractionates with hCHK1. HeLa
cell nuclear extracts were fractionated first through a phospho-
cellulose P11 column. Aliquots from each fraction were taken
and used in kinase assays followed by Western analyses with
anti-phosphoserine antibodies directed against p53 phosphory-
lated at S15, S20, S33, and S37 to monitor the specific kinase
activity. The P11 0.85 fraction was then passed through
Mono-Q Sepharose and fractions that contained the S20 kinase
activity were pooled and further fractionated through a heparin
column. (Inset) (Western blot) shows the coelution of S20 kinase
activity with hCHKI1 in fractions eluting from the heparin col-
umn.



vitro kinase assays with His-tagged p53 purified from
bacteria (His-p53) as substrate, followed by SDS-PAGE
and Western blotting with previously characterized anti-
phosphoserine-specific p53 antibodies as probes. The re-
sults indicated that the majority of the S15, S33, and S37
kinase activities were eluted with 0.3 m KCI (data not
shown), whereas most of the S20 kinase activity was not
eluted until the salt concentration was raised to 0.85 m
KClI. Consistent with the elution profile, we detected all
of the presently known p53 S15 kinases (DNA-PK,
ATM, and ATR) in the 0.3 m KCI fraction (data not
shown) by Western blotting after probing with the ap-
propriate antibodies. To further purify the p53 S20 ki-
nase(s), the 0.85 m KCl fraction was passed consecutively
through Mono Q and heparin columns. S20 kinase activ-
ity was eluted at [0.1 m KCI from Mono Q, and was
eluted from heparin with (0.3 m KCI. In an attempt to
match the activity with known kinases, especially those
related to DNA damage checkpoint control, we discov-
ered that the S20 kinase activity coeluted from the hep-
arin column with hCHKI1 (Fig. 1, inset). The presence of
hCHKI1 closely followed that of the S20 kinase activity:
It is present in the peak fraction of Mono Q (not shown),
and the peak fractions from the heparin column (H2,
H3). Although the material eluting from the heparin col-
umn was probably not highly pure, the fact that the peak
$20 kinase activity and Chkl1 protein fractions coeluted
supports the likelihood that the main, if not the sole, p53
S20 kinase activity in this fraction is ChklI.

Chkl kinase has been shown to be a DNA damage-
responsive cell cycle checkpoint protein and therefore,
subsequent experiments were performed to extend these
initial findings.

Chk1 and Chk2 phosphorylate and regulate p53

Recombinant hCHK1 phosphorylates sites within the
p583 amino terminus in vitro

The 0.85 m KCI fraction that eluted from the phospho-
cellulose column did not contain detectable S15 kinase
activity. Nevertheless, the partially purified S20 kinase
eluting from the heparin column exhibited the ability to
phosphorylate p53 at S15 as well (data not shown). Thus,
either S15 and S20 kinases were copurified, or this frac-
tion contains kinase(s) capable of phosphorylating both
S15 and S20. To test the latter possibility and also to
confirm that hCHKI1 is a genuine S20 kinase, we ex-
pressed and purified GST-hCHKI1 from baculovirus-in-
fected insect cells. GST-CHK1 and chromatographically
purified DNA-PK were compared for their ability to
phosphorylate His-p53. The phosphorylation site(s) were
then revealed by SDS-PAGE, followed by Western blot
analysis with either anti-phospho-S15 or anti-phospho-
$20 antibodies. As shown in Figure 2A, whereas purified
DNA-PK phosphorylated His-p53 at S15 in a DNA-de-
pendent manner, recombinant hCHK1 phosphorylated
both S15 and S20 (Fig. 2A). Unlike phosphorylation by
DNA-PK, phosphorylation of p53 by hCHK1 was not
enhanced by DNA (Fig. 2B, cf. lanes 5 and 6), nor was it
inhibited by the PI-3 kinase-specific inhibitor wortman-
nin (Fig. 2B, lanes 7-9). As both DNA-PXK (for review, see
Smith et al. 1999) or ATM (Banin et al. 1998) are strongly
inhibited by the concentration of wortmannin that was
used, this rules out contamination by either of these ki-
nases. Contamination by ATR, another S15 kinase that
is much less sensitive to wortmannin (Sarkaria 1998),
was also excluded when the purified GST-hCHK1 was
passed through a Superose 6 column. GST-hCHKI1 was
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Figure 2. Recombinant hCHKI1 phosphorylates p53 in vitro. (A) hCHK1 phosphorylates p53 at both S15 and S20, whereas DNA-PK
targets S15 but not S20. His-tagged p53 prepared from bacteria was incubated alone, or with purified DNA-PK in the presence or
absence of DNA as indicated, or with GST-hCHKI1 in the absence of DNA. Phosphorylation of p53 was determined by Western
blotting with respective anti-phospho-S15 and anti-phospho-S20 antibodies. The level of p53 in each reaction was then determined by
stripping the blot and reprobing with an anti-His-tag antibody. (B) The kinase activity of hCHKI1 is not affected by DNA or wort-
mannin. Kinase assays were carried out as described above in the presence or absence of 100 ng of DNA, and/or 0.5 um (lanes 4,7), 1
M (lane 8), or 2 pm (lane 9) wortmannin. The mixtures were analyzed by SDS-PAGE, and the gel was dried and autoradiographed. (C)
S37, but not S33 or S392, is phosphorylated by hCHK1. His-tagged p53 was incubated with wild-type (WT) or the kinase-defective
mutant (D130A) of GST-hCHKI1. The reactions were then analyzed by Western blotting with either anti-phospho-S33, S37, or S392
antibodies. Equal loading was demonstrated by reprobing the membrane with anti-His antibody, which recognizes p53, and anti-GST
antibody, which recognizes hCHK1.
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eluted as a 150-kD species, (most likely a dimer due to
the GST moiety) and is thus significantly smaller than
the predicted elution profile of the ATR protein (esti-
mated molecular mass 301 kD). hCHKI1 eluted from the
Superose column also phosphorylated both S15 and S20
on p53 (data not shown), further supporting the likeli-
hood that this kinase is a bona fide S20 kinase as well as
a S15 kinase.

We then asked whether recombinant hCHK1 could
phosphorylate additional sites within p53. By probing a
blot containing p53 phosphorylated by hCHK1 with an-
tibodies that recognize phospho-S33, phospho-S37, or
phospho-S392, we found that hCHKI also phosphory-
lates S37, but not S33 or S392 (Fig. 2C, lane 3). Note that
the antibodies directed against phospho-S33 and phos-
pho-S392 are each specific for, and also reactive with,
p53 phosphorylated at these respective residues (Ko et al.
1998; Lu et al. 1998). As a control, a kinase-dead mutant
of hCHK1, D130A (Sanchez et al. 1997), showed no de-
tectable kinase activity (Fig. 2C, lane 2). These results
demonstrate that hCHKI is a versatile kinase that phos-
phorylates multiple serine residues in the amino-termi-
nal domain of p53 in vitro.

Phosphorylation of the p53 amino terminus in vitro
by hCHK]1 requires the tetramerization domain

Previously, we discovered that whereas the amino ter-
minus of p53 by itself (i.e., residues 1-96) cannot be
phosphorylated at S15, S20, or S33 in vivo, phosphoryla-
tion at these three sites can occur if the amino terminus
is fused to sequences containing the tetramerization do-
main (residues 299-363) (Shieh et al. 1999). Because two
of these sites are substrates for hCHKI1 in vitro, it was
interesting to determine whether a similar prerequisite
might exist for this protein kinase. To examine the
structural requirements of p53 for phosphorylation by
hCHKI1, several truncated or internally deleted mutants
of p53 were used. One mutant spanning amino acids

Figure 3. Efficient phosphorylation of the p53 amino
terminus by hCHKI1 requires the tetramerization do-
main. (A) GST-hCHKI1 was incubated with either His-
tagged wild-type (WT, lane 2) or truncated 1-363 (lane
3), 1-307 (lane 4) p53 proteins prepared from bacteria.
Phosphorylation was visualized either by autoradiog-
raphy or by Western blotting with anti-phospho-S15 or
anti-phospho-S20 antibodies. Levels of p53 proteins
were detected by reprobing the blot with the p53
monoclonal antibody PAb1801. (B) HA-tagged wild-
type (WT) p53 or a deletion mutant dITD, which car-
ries an internal deletion in the tetramerization do-
main, was prepared from baculovirus-infected insect
cells and incubated alone (lanes 1,2) or with GST-
hCHKI1 (lanes 4,5). Phosphorylation was then deter-
mined as described in A.
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1-363 contains the tetramerization domain but lacks the
very carboxy-terminal 30 amino acid basic region. An-
other mutant (1-307) lacks both the tetramerization and
basic regions. These mutants were expressed, purified
from bacteria, and used as substrates in in vitro hCHK1
kinase assays. Figure 3A shows that the overall **P in-
corporation catalyzed by hCHK1 was strongly reduced in
p53 (1-307), and phosphorylation of this version of p53 at
S15 and S20 was also strongly diminished. This result
suggested that tetramerization may be important for ef-
ficient phosphorylation of p53 by hCHKI. To further
confirm that hCHKI1 requires the tetramerization do-
main, we tested an HA-tagged p53 mutant (dITD), which
carries an internal deletion of amino acids 334-356 in
the tetramerization domain and is incapable of oligomer-
ization (Shaulian et al. 1993; Jayaraman et al. 1997). In
contrast to that of the wild-type protein, phosphoryla-
tion of dITD by hCHK1 on S15 and S20 was abolished
(Fig. 3B, lanes 4, 5). Because these proteins were prepared
from baculovirus-infected insect cells, basal phosphory-
lation was seen occasionally with the wild-type p53 (Fig.
3B, lane 1). In this case, however, neither S15 nor S20
phosphorylation was observed with the dITD mutant,
suggesting that dITD is also a poor substrate for S15 and
S20 kinases in vivo (Fig. 3B, lane 2). Taken together,
these results demonstrate the importance of an intact
tetramerization domain for p53 to be phosphorylated by
hCHKI1 in vitro.

Modulation of hCHK1 expression affects p53 levels

in vivo

Because hCHK1 phosphorylates sites in the amino-ter-
minal domain of p53 that are known to be inducibly
phosphorylated after DNA damage, we tested the effects
of regulating hCHK]1 expression on p53. p53 was cotrans-
fected with either a sense or antisense hCHK1 construct
into the p53-null cell line H1299, and both p53 levels
and S15 phosphorylation before and after v irradiation
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were determined. Although the sense hCHK1 construct
had little effect on either phosphorylation or the level of
transfected p53, the antisense hCHKI1 construct
(chk1AS) greatly reduced the p53 protein levels (Fig. 4A).
Cotransfection of a sense construct expressing a kinase-
dead hCHK1 (D130A) had an intermediate effect, sug-
gesting that the kinase-dead mutant may have a partially
dominant-negative effect in vivo. S15 phosphorylation
appeared to be roughly proportional to the overall levels
of p53 protein. Although this could indicate that phos-
phorylation of this site per se is not affected by reducing
the levels or activity of hCHKI, it is difficult to distin-
guish the cause and the consequence when both protein
and phosphorylation are reduced. It is not unexpected
that transfection of the sense hCHK-1 construct had no

Chk1 and Chk2 phosphorylate and regulate p53

significant effect on p53 protein levels, because DNA-
damaging agents do not appear to further stabilize trans-
fected p53 in H1299 cells (Chen et al. 1996; N. Baptiste;
P. Friedlander, X. Chen and C. Prives, unpubl.).

One clear drawback to the interpretation of our results
in Figure 4A is the fact that we have been unable to
assess the level of endogenous Chkl1 in cells expressing a
Chkl1 anti-sense construct. The polyclonal antibody that
we raised against Chkl performed well on partially pu-
rified Chk1 protein (see Fig. 1) and Chkl1 protein in in-
fected insect cell extracts (data not shown), but there
were difficulties in detecting Chk1 in crude mammalian
cell extracts, whether Chkl was overexpressed or not.
Nevertheless, the results shown in Figure 4A were
highly reproducible among different experiments.
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hCHKI1 increases p53 levels in vivo. MCF7 Exp. 3
cells were transfected with p53 together with
either empty vector, a short form of hCHK1 40 1 —
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To test the effect of hCHK1 overexpression on endog-
enous p53, we also transfected the hCHK1 construct into
MCF7 cells that contain endogenous wild-type p53. As
shown in Figure 4B, overexpression of the hCHK1 kinase
domain (chk1-s) both enhanced the basal levels of p53 (-
lanes) and also significantly augmented the extent to
which p53 was increased after vy irradiation. The effect of
overexpression of this construct on UV-induced stabili-
zation was less possibly reflecting the higher levels of
p53 seen after UV when compared with v irradiation.
The endogenous p53 levels were also markedly increased
after IR when full-length hCHK1 (chk1) was transfected
into the MCF7 cells. Three separate experiments in
which the extent of p53 expression has been graphed are
shown in Figure 4C. The fold effects of hCHKI1 overex-
pression in each case are likely to be a significant under-
representation of the actual effect, because the efficiency
of transfection of MCEF7 cells is on the order of 10%-
20%. These results indicate that hCHK1 can play a role
in regulating the levels of p53 in vivo.

Additional hCHK1 phosphorylation site(s) in the p53
carboxy-terminal domain

hCHKI1 phosphorylates three sites within the p53 amino
terminus, suggesting a rather promiscuous specificity for
site recognition. Thus, it is possible that sites outside of
the amino-terminal domain are also substrates for this
kinase. To test this hypothesis, several truncated p53
mutants were generated and phosphorylation by hCHK1
was assessed. As shown in Figure 5A, amino-terminally
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Figure 5. Additional hCHK1 phosphorylation site(s) in the p53
carboxy-terminal domain (A) GST-hCHKI or kinase-defective
GST-CHKI1 proteins were incubated with either WT p53 or
truncated p53 proteins as indicated. Phosphorylation was de-
tected by autoradiography (top). The proteins were also trans-
ferred to a nitrocellulose membrane and detected by Western
blotting with anti-GST antibody for detecting hCHK1 and anti-
His for detecting p53 proteins (bottom). (B) Autoradiograph of a
kinase assay done similarly as in A with GST-CHK1 and 300 ng
of the indicated p53 proteins. (dIN96) Amino acids 97-393;
(dIN96dIC30) amino acids 97-363; (core) amino acids 97-305;
(T+B) amino acids 311-393; (N159) amino acids 1-159.
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deleted p53 (dIN96) could still be phosphorylated by
hCHKI1, although to a much lesser extent than full-
length p53. The amino-terminal 159 amino acids were
also rather weakly phosphorylated, however, this might
be due to the fact that this version of p53 lacks the te-
tramerization domain. The result with dIN96 showed
that one or more sites elsewhere in p53 could be targets
of Chkl. The core domain alone was not phosphorylated
by hCHKI1 (Fig. 5A), whereas the carboxy-terminal por-
tion (residues 311-393) could be phosphorylated under
the assay conditions (Fig. 5B). Interestingly, deletion of
the carboxyl terminus in the context of AN96 (97-363,
ANAC) displayed no difference in terms of phosphoryla-
tion when compared with deletion of the amino termi-
nus alone (Fig. 5B). This result suggests that additional
carboxy-terminal sites for hCHK1 do not reside in the
carboxy-terminal 30 amino acids, even though this re-
gion contains a number of serines that can be phosphory-
lated by PK-C and CKII (Meek 1998). Furthermore, mu-
tation of S315, a CDK site, along with three neighboring
serine residues had no effect on phosphorylation of p53
by hCHK-1 (data not shown), suggesting that carboxy-
terminal hCHKI1 site(s) may be novel and yet to be iden-
tified.

The human homolog of yeast cdsl phosphorylates p53
at sites similar to those of hCHK1

In fission yeast S. pombe, the DNA damage and replica-
tion checkpoints are regulated by Chkl1 (G,/M) and Cds1
(S) kinases (for review, see Elledge 1996; Weinert 1998).
The human homolog of Cdsl (CHK2/hCdsl) has been
isolated (Matsuoka et al. 1998; Blasina et al. 1999; Brown
et al. 1999; Chaturvedi et al. 1999) and shown to share
similar substrate specificity as hCHK1 on Cdc25C (Mat-
suoka et al. 1998). To test whether this kinase can also
phosphorylate p53, the CHK2/hCds1l cDNA was cloned
by RT-PCR with RNA prepared from the prostate cancer
cell line LNCaP. Baculoviruses expressing Flag-tagged
wild-type CHK2/hCds]1 or a kinase-defective mutant ki-
nase (D347A) were generated and tested for their ability
to phosphorylate bacterially expressed p53 protein. As
shown in Figure 6A (lanes 4,5) and Fig. 6B (lane 3), Flag—
CHK2/hCdsl phosphorylated p53 at S15, S20, and S37,
but not S33 or S392. Interestingly, Flag-CHK2/hCdsl
also phosphorylated T18, another potential phosphory-
lation site that lies within the MDM2 interaction do-
main (Fig. 6B). We have not yet determined whether
hCHKI1 can also phosphorylate T18. The kinase-defec-
tive mutant of Flag-CHK2 /hCds1 (D347A) was not able
to phosphorylate p53. Importantly, phosphorylation of
p53 by CHK2/hCdsl1 is not due to contamination with
another kinase, because a His-tagged version of CHK2/
hCds1 prepared from bacteria showed the same specific-
ity (Fig. 6A, cf. lanes 2 and 4). We also tested the impact
of tetramerization of p53 on its ability to be phosphory-
lated by his—CHK2/hCds1 (Fig. 6C,D). As had been ob-
served with hCHK1, p53 lacking the tetramerization do-
main could not be phosphorylated at either S15 or S20.
Thus, both hCHK kinases display similarities in the p53
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Figure 6. CHK2/hCdsl phosphorylates p53 tetramers
in vitro. (A) Phosphorylation of the p53 amino-terminal
domain by CHK2 at S15 and S20 in vitro. His- and Flag-
tagged CHK2/hCdsl prepared from bacteria or Flag-
tagged CHK2/Cds]1 prepared from baculovirus-infected
insect cells was incubated alone or with His—p53 and
the resulting phosphorylation was assessed by autora-
diography or by Western blotting with anti-phosphoser-
ine-specific antibodies. (B) CHK2/hCdsl phosphory-
lates additional sites in the amino terminus of p53.
Wild-type Flag-CHK2/hCdsl or a kinase-dead mutant
(D347A) prepared from baculovirus-infected insect cells
was used to phosphorylate p53, and the phosphoryla-
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amino-terminal sites that they phosphorylate as well as
their requirements for oligomerization of p53. However,
we have evidence that there may be additional sites in
the carboxyl terminus of p53 that are differentially phos-
phorylated by these two kinases, and which differ in
their recognition and phosphorylation of other truncated
versions of p53 (data not shown). For example, phos-
phorylation of the dIN96 mutant by CHK2/hCdsl was
markedly enhanced compared with the wild-type protein
and other mutants. In addition, the N159 mutant, al-
though phosphorylated by hCHK1, was a poor substrate
for CHK2/hCdsl. Therefore, despite all of the similari-
ties, hCHK1 and CHK2/hCds]1 appear to be divergent in
recognizing certain regions of p53, and possibly CHK2/
hCdsl is relatively more efficient in phosphorylating the
p53 carboxyl terminus.

Discussion

We have demonstrated that the human homologs of the
checkpoint kinases, CHK1 and CHK2/hCdsl, phos-

*  |HA-p53

tion status of p53 was analyzed as described above. (C)
CHK2/hCdsl phosphorylates p53 tetramers but not
monomers at S15 and S20. Flag-CHK2/Cds1 was incu-
bated with either His-tagged wild-type (WT, lane 2),
truncated 1-363 (lane 3), or 1-307 (lane 4) p53 proteins
prepared from bacteria. Phosphorylation was visualized
either by autoradiography (3?P labeling) or by Western
blotting with anti-phospho-S15 or anti-phospho-520 an-
tibodies. Levels of p53 proteins were detected by re-
probing the blot with the p53 monoclonal antibody
PADI1801. (D) HA-tagged wild-type (WT) p53 or the de-
letion mutant dITD that lacks a functional tetramer-
ization domain were incubated with bacterially ex-
pressed hisshCHK2 . Phosphorylation was then deter-
mined as described in A and C.

phorylate at least three DNA damage-inducible phos-
phorylation sites in p53. Our data suggest that both se-
quence and structural requirements of hCHK kinases for
their substrates are complex and possibly novel. Modu-
lation of hCHKI1 levels and activity in vivo leads to
changes in the accumulation of p53 protein. Taken to-
gether, our results suggest a new role for the mammalian
CHK kinases in phosphorylation and regulation of p53.

It was unexpected that the hCHK kinases can phos-
phorylate several diverse sites in p53 including S20 or
S15 and S37 and one or more as-yet-unidentified site(s).
There are no obvious sequence motifs shared by these
p53 sites or with the CHK kinase sites identified in
CDC25. Thus, these kinases may be extremely flexible
in their sequence requirements and substrate specificity.
In this respect, they may resemble protein kinases such
as GSK-3 in which phosphorylation of its sites requires
prephosphorylation of neighboring sites (Fiol et al. 1987).
However, GSK-3, requires a priming kinase, casein Kki-
nase II, whereas our data suggest that Chk kinases would
provide their own priming function. Clearly, more work
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is needed to elucidate the sequence and structural re-
quirements for phosphorylation of p53 by these kinases.

We have shown previously that p53 tetramerization is
a prerequisite for efficient phosphorylation of the amino-
terminal sites in vivo, in particular, S15, S20, and S33
(Shieh et al. 1999). In this report we demonstrate that
recombinant hCHK1 and CHK2/hCdsl1 proteins possess
similar requirements for phosphorylation of p53 as do in
vivo p53 amino-terminal kinases. Tetramerization may
provide a preferable conformation for substrate recogni-
tion, or the domain may serve as a kinase docking site.
The unusual requirement for p53 tetramerization for ef-
ficient phosphorylation in vitro by hCHK kinases pro-
vides support for the possibility that they do phosphory-
late p53 in vivo.

Although DNA damage induces phosphorylation of
p53 at sites within its amino terminus and carboxyl ter-
minus, the consequence of such phosphorylation events
remains to be elucidated. Different studies have provided
essentially conflicting results: Mutation of several serine
residues, either alone or in combination, was reported
not to significantly affect stabilization of transfected p53
by either y or UV irradiation or actinomycin D (Ashcroft
et al. 1999; Blattner et al. 1999). However, mutation of
S20 alone renders p53 more sensitive to MDM2 repres-
sion and degradation (Unger et al. 1999) and reduces its
ability to be stabilized after irradiation (Chehab et al.
1999). Thus, the possible role of phosphorylation in p53
stabilization is as yet not well understood. We show here
that hCHK1, when overexpressed, enhances the levels of
p53 before and after ionizing radiation in transient trans-
fection experiments (Fig. 4B). Furthermore, overexpres-
sion of antisense hCHKI1 significantly decreases the
level of cotransfected p53 (Fig. 4A). Halazonetis and col-
leagues have made similar observations about CHK2/
hCds1 and p53 (Chehab et al. 2000). These observations
can be interpreted in at least two ways. One is that
hCHKI1 and CHK2/hCds1 phosphorylate p53 directly in
vivo and, as a result, stabilize p53. If this is the case, the
site(s) responsible for the stabilizing effect may not be
those that we identified at the amino terminus of the
protein. Instead, the effect may be mediated via other
yet-to-be identified sites. Using in vitro kinase assays,
we have evidence for additional hCHKI1 sites in a region
on p53 between amino acids 304 and 363, excluding the
cdk sites. Identifying these sites might resolve the issue
regarding the relationship between phosphorylation and
p53 stabilization. Alternatively, the stabilizing effect
may not be direct, but is mediated through phosphory-
lation of other proteins. It is noteworthy that DNA-PK
phosphorylates the oncoprotein MDM2, and such phos-
phorylation disrupts its interaction with p53 (Mayo et al.
1997). Additionally, ATM can phosphorylate MDM2 in
vitro, and this leads to reduced interaction with p53
(Khosravi et al. 1999). Finally, we have found that
MDM?2 can be phosphorylated by hCHK1 in vitro, al-
though the sites that it phosphorylates are not as yet
identified (T. Zhang, S-Y. Shieh, and C. Prives, unpubl.).
Phosphorylation of MDM?2 or other p53-interacting pro-
teins may be a necessary feature of p53 stabilization.
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The relationship between Chkl and cell cycle check-
points has been well studied in fission yeast. Yeast Chkl
mediates the checkpoint control elicited by DNA dam-
age (Walworth et al. 1993). The task is thought to be
accomplished via phosphorylation of Cdc25, a phospha-
tase that regulates the activity of Cdc2 (Furnari et al.
1997; Peng et al. 1997; Zeng et al. 1998). Phosphorylated
Cdc25 protein was found to bind 14-3-3 proteins more
readily (Peng et al. 1997; Zeng et al. 1998), and this may
change Cdc25 activity (Furnari et al. 1999) or cellular
localization (Lopez-Girona et al. 1999). The function of
yeast Chkl requires an upstream kinase Rad3, a PI-3
kinase family member, which shares extensive homol-
ogy with mammalian ATM and ATR. Overexpression of
yeast Chk1 complements the G,/M checkpoint defect in
AT cells (Chen et al. 1999). However, hCHK1 was re-
ported to be expressed and active in ATM-deficient cells
(Kaneko et al. 1999), suggesting that ATM and hCHK1
may not necessarily have an exclusive upstream-down-
stream relationship in mammals, as they do in yeast.
hCHKI1 may sense different signals through multiple up-
stream kinases. Likewise, the signals received by ATM
may be transferred to multiple, complementing kinases.
In support of this notion, CHK2/hCdsl, the homolog of
budding yeast Rad53 and fission yeast Cdsl, was found
to act downstream of ATM in mediating the DNA dam-
age checkpoint (Matsuoka et al. 1998; Brown et al. 1999;
Chaturvedi et al. 1999). Furthermore, we have shown in
this report that CHK2/hCds1 phosphorylates p53 amino
terminus at similar sites as hCHKI1. Because both ki-
nases phosphorylate p53 at overlapping sites, more stud-
ies will be needed to determine the relative contribution
of each kinase with respect to the p53 DNA damage
response.

It is perfectly possible that although both hCHK1 and
CHK2/hCds]1 respond to y and UV treatment, each may
function at different cell cycle stages. h\CHK1 was shown
to be activated only between the S and M phases of the
cell cycle (Kaneko et al. 1999). In fission yeast, y IR ac-
tivates Cdsl, the yeast CHK2 homolog, only during S
phase (Lindsay et al. 1998). However, CHK2/hCdsl can
respond to DNA damage throughout the cell cycle (Mat-
suoka et al. 1998). There is evidence for cross talk be-
tween the two kinases: Yeast Cdsl, when activated, in-
hibits the activity of Chkl (Brondello et al. 1999) and
although as yet untested, CHK2 /hCds1 may similarly be
able to regulate the function of hCHK1 under some con-
ditions. Alternatively, they may function in parallel and
each may be able to complement the other in vivo. The
future challenge will be to determine the relative contri-
bution of these two kinases in vivo and how they regu-
late p53. The fact that mutations in hCHK1 (Bertoni et
al. 1999) and hCHK2 (Bell et al. 1999) have been identi-
fied in human cancer patients lends support to the im-
portance of this goal.

Materials and methods

Cell lines and transfections

H1299 (human non-small-cell lung carcinoma) and MCF7 cells



(human mammary carcinoma) cells from ATCC were main-
tained in RPMI and DMEM, respectively, supplemented with
10% FBS. For transfection, H1299 cells were plated at 1.3 x 10°/
60-mm dish the day before transfection and transfected by the
calcium phosphate method. MCF7 cells were plated at 3 x 10°/
60-mm dish and transfected with lipofectin reagent (GIBCO-
BRL). Cells were collected 36-40 hr after transfection and lysed
in 1.5x SDS gel loading buffer [0.25 M Tris (pH 6.8), 1 M B-mer-
captoethanol, 6% SDS, 15% glycerol, 0.05% bromophenol
blue], and analyzed on a 10% SDS-polyacrylamide gel.

Nuclear extract fractionation

HeLa cell nuclear extracts ([l x 10° cells) were prepared accord-
ing to the procedure of Dignam et al. (1983) and fractionated
through a phosphocellulose P11 column (Whatman) in buffer
containing 20 mm Tris HCI (pH 8.0), 0.2 mm EDTA, 0.1 m KCl,
20% glycerol, 0.5 mm DTT, and 0.5 mm PMSEF. Bound proteins
were eluted sequentially with a step gradient of 0.3, 0.5, and
0.85 M KClI in the same buffer. Aliquots of each fraction were
used in kinase assays with bacterially expressed His-tagged p53
as substrate. Western blot analyses were then performed with
phosphoserine-specific antibodies as probes. Fractions that con-
tain S20 kinase activity were pooled and further fractionated
through a Mono Q column followed by a heparin column.
Bound proteins were eluted with a salt gradient of 0.05-1 m KCl.
The S20 kinase activity was found to be eluted at [0.1 and 0.3
M KCl from Mono Q and heparin columns, respectively.

Western blot analysis

After SDS-PAGE, proteins were transferred to a nitrocellulose
membrane. The membrane was blocked in PBS containing
0.05% Tween 20 and 1% nonfat dry milk for 30 min and probed
in the same buffer with 250-fold-diluted anti-phosphoserine an-
tibody as specified in the figure legends. Signals were visualized
with chemiluminescent reagents (Pierce).

Plasmid construction

The ¢cDNA for hCHK1 was obtained by RT-PCR with RNA
prepared from LNCaP cells using as the 5’ primer: 5'-GATCTC-
GAGCATGGCAGTGCCCTTTGTG-3’ that contains a Xhol
site, and as the 3’ primer: 5’ ATGGTACCTCAAGCGTAGTC-
TGGGACGTCGTATGGGTATGTGGCAGGAAGCCAAAC-
3’ that carries a Kpnl site and encodes an HA tag. The cDNA
was then cloned into the Xhol and Kpnl sites of the Bluescript
plasmid (Stratagene). A similar strategy was used in cloning the
hCHK?2 gene, except that instead of an HA tag, a sequence en-
coding a Flag tag was incorporated into the 3’ primer. The
two primers used for amplification of CHK2 are: 5-GATC-
TCGAGGTCATGTCTCGGGAGTCG-3' and 5-CATGGTA-
CCTCACTTATCGTCATCGTCTTTGTAATCCAACACAG-
CAGCACA-3'. For expression in mammalian cells, both
cDNAs were released from Bluescript by HindIll and Kpnl
cleavage, and recloned into the pHOOK-2 vector (Invitrogen).
CHK2 cDNA was also cloned into the Xhol/Kpnl sites of pRSET
A (Invitrogen) and pFastBacl (GIBCO-BRL) for bacterial and
baculoviral expression, respectively. PCR-based mutagenesis
was used to create the CHK2D347A mutant. Amplified se-
quences were confirmed by DNA sequencing.

The plasmid for bacterial expression of His-p53/1-307 was
generated by removing a Cac8I/EcoRI fragment from the paren-
tal pRSETp53 plasmid (Ko et al. 1997). The cDNAs for His-
dIC30 (1-363), His—dIN96 (97-393), and core (97-305) were gen-
erated by PCR and cloned into Kpnl and HindIII sites in pRSET
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B (Invitrogen). His-N159 was generated by cleavage at the
unique Ncol site and cloned into the PstI site in pRSET B. The
plasmid for His—dIN96d1C30 was made by replacing the Stul-
HindIII fragment of dIN96 with the Stul-HindIIl fragment of
dIC30. The carboxy-terminal fragment spanning residues 311-
393 (T+B) was a gift from N. Pavletich (Memorial Sloan Ketter-
ing Cancer Center, New York) and has been described previ-
ously (Ko et al. 1997).

Expression and purification of recombinant proteins

For expression of His—p53 and its derivatives, pRSET plasmids
with either full-length or truncated p53 cDNA were introduced
into bacteria BL21(DE3)LysE. Overnight culture was diluted
and grown to ODgy-0.5. The culture was then induced with 1
mM isopropyl B-D-thiogalactopyranoside (IPTG), and incubated
at 25°C for 2 hr. Cells were collected and lysed in sonication
buffer (0.3 m NaCl, 50 mm NaH,PO, pH 8.0, 20% glycerol, 1%
NP-40, 10 mMm B-mercaptoethanol, 0.5 mm PMSF) by one cycle
of freezing and thawing followed by brief sonication. Cell debris
was removed by centrifugation and the supernatant was loaded
onto a Ni-NTA column (Qiagen). The column was washed with
40 mM imidazole in sonication buffer without NP-40, and the
bound protein was eluted with 0.25 m imidazole. The eluted
protein was then dialyzed in buffer containing 20 mm Tris (pH
8.0), 0.2 mm EDTA, 20% glycerol, 0.5 mm DTT, and 0.5 mm
PMSF for 30 min, aliquoted, and stored at -80°C.

Baculoviruses expressing Flag-CHK2/hCdsl and the corre-
sponding D347A mutant were created by the FASTBAC system
(GIBCO-BRL) with Sf9 insect cells. GST-CHKI and GST-Kin-
(D130A) were kind gifts of Y. Sanchez and S. Elledge (Baylor
College of Medicine, Houston, TX). For large-scale infection, Sf9
cells were plated on 150-mm culture dishes 1 hr before infec-
tion, and cells were harvested [H0 hr after infection. Cell ex-
tracts were prepared by lysing the cells in C buffer (50 mm Tris
at pH 8.0, 150 mm NaCl, 1% NP-40, 0.1% aprotinin, l mm DTT,
0.5 mm PMSF). For purification of the HA-WTp53 and dITD
mutant proteins, lysates were incubated with mAb 12CA5
cross-linked to protein A beads overnight, and the bound pro-
teins were eluted with the corresponding peptide as described
previously (Jayaraman et al. 1997). Flag-CHK2/Cdsl and the
D347A mutant were purified in a similar fashion, except that
M2-agarose beads (Sigma) and the M2 peptide (Sigma) were
used. For purification of GST-CHKI, the lysate was incubated
with glutathione-Sepharose beads (Pharmacia) at 4°C for 1 hr,
and the bound protein was eluted with reduced glutathione. For
some experiments, GST-CHKI1 was further purified through a
Superose 6 column (Pharmacia) to ensure separation of hCHK1
from high molecular weight p53 S15 kinases.

Generation of anti-hCHK1 antiserum

GST-CHKI1 prepared from baculovirus-infected insect cells and
purified through a glutathione-Sepharose column (Pharmacia)
was used to raise antibodies in rabbits (Cocalico Biologicals,
Philadelphia, PA). Serum obtained after the second boost was
purified on protein G Sepharose (Pharmacia), and diluted 1000-
fold for Western blot analysis.

In vivo kinase assays

The DNA-PK kinase assay was performed as described previ-
ously (Shieh et al. 1997). hCHK1 or CHK2/hCds1 kinase reac-
tion mixtures (20 pl) contained 300 ng of the kinase, 500 ng of
His—p53 or 200 ng of HA-p53 in 1x kinase buffer (20 mm Tris at
pH 7.5, 10 mm MgCl,, 2 mm MnCl,, 1 mm DTT) in the presence
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of 25 um ATP and 5 pCi [y-*>P] ATP. The mixtures were incu-
bated at 30°C for 20 min and the reactions stopped by addition
of an equal volume of 3x SDS gel loading buffer. The proteins
were resolved by SDS-PAGE followed either by Western blot
analysis or autoradiography.
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